U sing the closed cranial window technique, the present study was designed to test the hypothesis that the pial arteriolar response to acetylcholine is age depen dent. In newborn pigs (1-5 days old) pretreated with the phosphodiesterase inhibitor isobutyl methyl xanthine (lBMX), acetylcholine (10-5 M) produced pial arteriolar constriction with no change in CSF cyclic GMP (cGMP) that was blocked by indomethacin (5 mg/kg i.v.). In con trast, in indomethacin-and IBMX-treated juvenile pigs (3-4 weeks old), acetylcholine (10 -M) increased the pial arteriolar diameter by 17 ± I % and increased CSF cGMP by 2.1 ± 0.3-fold. Similar vascular and biochemical changes for acetylcholine were observed in juvenile pigs pretreated with only IBMX. In the absence of IBMX, acetylcholine produced modest pial constriction in juve nile pigs. In the IBMX-pretreated juvenile pigs, L-ni troarginine (LNA; 10-6 M) decreased pial arteriolar di-1088 ameter by 15 ± 2% and blocked acetylcholine-induced dilation and associated changes in CSF cGMP. A23187, a calcium ionophore, and sodium nitroprusside (SNP) elic ited similar dilation and changes in CSF cGMP in both age groups. LNA blocked A23187 dilation, but SNP di lation was unchanged. L-Arginine (10-3 M) partially re stored acetylcholine-and A23187-induced dilation to in domethacin-and LNA-pretreated juvenile pigs. These data show that acetylcholine produces dilation in the ju venile pig through the production of the putative endo thelium-derived relaxing factor (EDRF) nitric oxide but does not do so in the newborn period. We speculate that contributions of EDRF to the acetylcholine-induced changes in pial arteriolar diameter develop with age.
The vascular endothelium produces a variety of vasoactive substances that can affect the tone of adjacent smooth muscle. Three endothelial depen dent vasodilators are currently recognized: endo thelium-dependent hyperpolarizing factor, a sub stance the chemical nature of which is unknown, which hyperpolarizes vascular smooth muscle by opening potassium channels (Feletou and Van- and cat cerebral circulation (Rosenblum, 1986; Mar shall et aI., 1988; Wei and Kontos, 1990) .
In contrast, prostanoids represent integral com ponents in the control of cerebral hemodynamics in the newborn pig (Armstead and Leffler, 1992) . Prostanoids contribute to the maintenance of rest ing cerebral blood flow and to dilation in response to hypercapnia, hypotension, and histamine (Arm stead and Leffler, 1992) . Although capable of re sponding to nitrovasodilators, the newborn pig ce rebral circulation may not be able to produce EDRF in response to some stimuli since acetylcholine, a classical endothelium-dependent vasodilator, pro duces pial arteriolar constriction dependent on ac tivation of the PGH2/thromboxane A2 (TXA2) re ceptor in the newborn pig (Armstead et aI., 1989) .
The influence of early developmental changes on the nature and mechanism of the cerebrovascular response to acetylcholine is uncertain. Recently it has been observed that the NO pathway may not play a part in dilating pig pulmonary arteries at birth but could grow in importance with increasing age and contribute to the development of a stable pul monary circulation after birth (Liu et aI., 1992) . The present study was designed to test the hypothesis that the pial arteriolar response to acetylcholine re verses from constriction to dilation with increasing age.
METHODS
Newborn pigs (1-5 days old; 2.0 ± 0.1 kg) and juvenile pigs (3-4 weeks old; 7.1 ± 0.3 kg) of either sex were used in these experiments. They were anesthetized with keta mine hydrochloride (33 mg/kg i.m.) and ace promazine (3.3 mg/kg i.m.). Anesthesia was maintained with a-chlo ralose (30-50 mg/kg initially, supplemented with 5 mg kg-I h-I i.v.). A catheter was inserted into a femoral artery to record blood pressure and to sample for blood gases and pH. Another catheter was placed in a femoral vein for injection of drugs. The trachea was cannulated, and the animals were ventilated with room air. Body tem perature was maintained at 37-38°C with a heating pad. F or insertion of the cranial window, the scalp was re moved and an opening was made in the skull over the parietal cortex. The dura was cut and retracted over the cut bone edge. The cranial window was placed in the hole and cemented in place with dental acrylic. The space un der the window was filled with artificial CSF of the com position (mg/L) 220 KCI, 1132 MgCI2, 221 CaCI2, 7,710 NaCI, 401 urea, 665 dextrose, and 2,066 NaHC0 3 , pH 7.33, with a Pe02 of 46 mm Hg and a P02 of 43 mm Hg.
Pial arterioles were observed with a dissecting micro scope, a television camera mounted on the microscope, and a video monitor. Vascular diameter was measured with a video microscaler.
Protocol. Pial arteriolar diameter was determined ev ery minute for a lO-min exposure period after injection under the window of artificial CSF containing no drug and after injection of CSF containing a drug. Diameters were also measured 10-15 min after the highest concentration of a drug with CSF containing no drug was flushed. Typ ically, 1-2 ml of CSF was flushed through the window over 30 s. Needles incorporated into the side of the win dow allowed infusion of CSF under the window and run off of excess CSF. We measured the peak response, and a CSF sample for cGMP analysis was collected at the end of the 10-min exposure period. Cerebral cortical periar achnoid CSF (300 fl.!) was collected by placing a syringe on an injection port of the cranial window. CSF was col lected by slowly infusing artificial CSF into one side of the window and allowing the CSF under the window to drip freely into a collection tube on the opposite side.
Responses to topical acetylcholine (10-7 and 10-5 M), A23187 (10-7 and 10-6 M), and sodium nitroprusside (SNP; 10-8 and 10-6 M; Sigma Chemical, St. Louis, MO, U.S.A.) were obtained before and after L-nitroargi nine (LNA; 10-6 M; Sigma). Responses were obtained in the presence or absence of topical isobutyl methylxan thine (IBMX; 10-4 M; Sigma) and/or indomethacin (5 mg/kg i.v.; Merck Sharp & Dohme, West Point, PA, U.S.A.). IBMX was used to enhance cyclic nucleotide concentrations in periarachnoid cortical CSF. Previously, this dose of indomethacin has been shown to reduce cor tical periarachnoid CSF prostanoid concentrations to nondetectable levels and inhibit the conversion of exog enous arachidonic acid to prostanoids in the cerebral sur face by <90% (Leffler and Busija, 1985) . Finally, to in vestigate further the role of NO in the elicitation of dila tion in response to acetylcholine and A23187, responses to the latter two agents were obtained in the absence and presence of L-arginine (10-3 M; Sigma) in indomethacin and IBMX-treated piglets.
Appropriate aliquots of the vehicles for all agents [0.01% dimethyl sulfoxide (DMSO) for A23187, 0.9% sa line for all others] were added to CSF infused under the window. These CSF vehicles had no effect on arteriolar diameter (e.g., 170 ± 7 vs. 175 ± 7 fl.m before and after DMSO, respectively; n = 6). All working drug solutions were made fresh on the day of use. The stock A23187 solution (10-4 M) was stored at 4°C until the day of use, when small aliquots were added to CSF for topical appli cation. cGMP analysis. CSF samples collected after a lO-min exposure to a drug were analyzed for cGMP using radio immunoassay methods. Commercially available kits for cGMP (Amersham, Arlington Heights, IL, U.S.A.) were used. Briefly, this assay determines cGMP concentration via a competition between unlabeled cGMP and a fixed quantity of labeled compound for binding to an antiserum that has a high specificity of cGMP. The antibody-bound cGMP is then reacted with an anti-rabbit second antibody bound to fluoromicrospheres. Labeled cGMP bound to the primary rabbit antibody can then be measured by de termining the amount of light emitted by the fluoromicro spheres. All unknowns were assayed at two dilutions. The concentration of unlabeled cGMP is calculated from the standard curve via linear regression analysis. 
RESULTS
Influence of acetylcholine, A23187, and SNP on pial arterioles and CSF cGMP in the IBMX-pretreated newborn pig Topical acetylcholine (10-7 and 10 -5 M) pro duced vasoconstriction that was blocked by indo methacin (5 mg/kg i.v.) in newborn pigs (Fig. I) . LNA (10-6 M) had no effect on the minimal acetyl choline-induced pial arteriolar diameter changes in newborn pigs in the presence of indomethacin ( Fig.  2A ). LNA also had no effect on pial vessel constric tion observed in the absence of indomethacin (Ta ble I).
In contrast, A23 187 produced vasodilation that was unchanged by indomethacin in newborn pigs ( Fig. 1 ). LNA attenuated A23 187-induced vasodila tion in either the absence or the presence of indo methacin ( Fig. 2A , Table I ).
SNP (10-8 and 10-6 M) caused pial arteriolar dilation that was somewhat potentiated by LNA in newborn pigs ( Fig. 2A ). Responses to all agents (acetylcholine, A23187, SNP, LNA), occurred in the absence of any change in mean arterial blood pressure (64 ± 2 vs. 65 ± 3 mm Hg for the beginning and the end of the protocol, respectively).
In the newborn pig, vascular responses to acetyl choline were not associated with a change in peri arachnoid cortical CSF cGMP in either the absence or the presence of indomethacin ( Fig. 3A , Table 2 ). However, A23 187-induced dilation was associated with a concomitant increase in CSF cGMP in either the absence or the presence of indomethacin that was blocked by LNA (543 ± 97, 970 ± 14 1, and 1,308 ± 145 fmol/ml for control, 10-7 M A23187, and 10-6 M A23187, respectively) ( Fig. 3A , Table  2 ). SNP-induced vasodilation was also associated with an increase in CSF cGMP that was unchanged by LNA ( Fig. 3A) . Basal values of CSF cGMP var ied from 350 to 1,000 fmollml.
Influence of acetylcholine, A23187, and SNP on pial arterioles and CSF cGMP in the IBMX-pretreated juvenile pig
In contrast, in juvenile pigs acetylcholine pro duced vasodilation that was blocked by LNA in both the presence and the absence of indomethacin ( Fig. 2B , Table I ). Acetylcholine-induced vasodila tion was associated with an increase in periarach noid cortical CSF cGMP that was similarly blocked by LNA ( Fig. 3B ). Indomethacin had no effect upon this acetylcholine-induced increase in CSF cGMP ( Fig. 3B , Table 2) .
Similarly, A23 187 produced vasodilation associ ated with increased CSF cGMP that was blocked by LNA in juvenile pigs (Figs. 2B and 3B) . Indometh acin also had no effect upon the A23187 -induced vasodilation and change in CSF cGMP (Figs. 2B and 3B, Tables I and 2) .
SNP caused pial arteriolar dilation associated with increased CSF cGMP in juvenile pigs (Figs. 2B and 3B). LNA somewhat potentiated vasodilation induced by' SNP, but changes in CSF cGMP were unchanged in the presence of the NO synthase in hibitor (Figs. 2B and 3B).
Ability of L-arginine to reverse LNA inhibition of acetylcholine and A23187 pial dilation in IBMX-pretreated juvenile pigs L-Arginine (10-3 M) partially restored acetylcho line-induced dilation to LNA-and indomethacin pretreated juvenile pigs (Table 3) . L-Arginine simi larly partially restored A23 187-induced vasodilation to LN A-and indomethacin-pretreated juvenile pigs (Table 3) . L-Arginine, itself, had a minimal effect on pial arteriolar diameter (137 ± 5 vs. 144 ± 6 f.Lm for control and L-arginine, respectively; n = 4).
Influence of LNA on the cerebral circulation
LNA produced similar pial arteriolar constriction in both newborn and juvenile pigs (13 ± 1 vs. 15 ± 2% decrease in diameter for newborn and juvenile pigs, respectively; n = 6). Indomethacin had no affect upon LNA-induced vasoconstriction in either newborn or juvenile pigs (12 ± 1 vs. 13 ± 1% de crease in diameter for newborn pigs in the absence and presence of indomethacin, respectively; n = 6). LNA had no effect on CSF cGMP in either newborn or juvenile pigs in the presence of indomethacin 0.0 ± 0.1-and 1.3 ± O.I-fold change in CSF cGMP for newborn and juvenile pigs, respectively; n = 5). Similar CSF cGMP results were obtained in the ab sence of indomethacin (data not shown). 
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Influence of IBMX on the cerebral circulation
In juvenile pigs IBMX (10-4 M) produced pial arteriolar dilation (139 ± 4 vs. 169 ± 5 !-lm for con trol and IBMX, respectively; n = 6) that was asso ciated with an increase in CSF cGMP (3.0 ± 0.6fold increase in CSF cGMP; n = 5). Similar changes in diameter and CSF cGMP were observed in newborn pigs in the absence or the presence of indomethacin (data not shown).
In non-IBMX-pretreated juvenile pigs, acetylcho line (10-5 M) produced modest pial arteriolar con striction that was reversed to dilation by indometh acin (Fig. 4) . IBMX (10-4 M) enhanced acetylcho line-induced pial dilation compared to t�e response obtained in the presence of indomethacin alone (Fig. 4) . The subsequent addition of indomethacin to IBMX-treated animals had no further effect on acetylcholine-induced vasodilation (Fig. 4 ).
Blood chemistry
Blood gases, pH, and mean arterial blood pres sure were measured at the beginning and at the end of all experiments. These values were 7.44 ± 0.03 versus 7.43 ± 0.0 1, 33 ± 1 versus 34 ± 1, 96 ± 2 versus 93 ± 1, and 69 ± 1 versus 68 ± 1 mm Hg for pH, Peoz, Po2, and blood pressure, respectively (n = 37) .
DISCUSSION
Results of the present study show that acetylcho line produced pial arteriolar vasodilation associated with an increase in CSF cGMP in juvenile pigs. LNA, a NO synthase inhibitor (Moore et al., 1990) , blocked acetylcholine-induced vasodilation and as sociated changes in CSF cGMP. L-Arginine, the substrate for NO synthesis, at a concentration that had minimal effects on pial arteriolar diameter, par tially restored acetylcholine-induced vasodilation to LNA-pretreated juvenile pigs. These data show that acetylcholine produces pial dilation in the juvenile pig through the production of the putative EDRF NO but does not do so in the newborn period.
An enhancement of cyclic nucleotide signals with IBMX appears to be necessary to observe marked acetylcholine-induced pial dilation in juvenile pigs. In the absence of IBMX, acetylcholine produced modest pial constriction that was reversed by indo methacin to modest vasodilation in juvenile pigs. Only in the presence of IBMX, however, did ace tylcholine produce marked pial vasodilation. These data indicate that in the juvenile pig CSF cGMP levels in the absence of IBMX are not sufficient to permit acetylcholine to produce marked vasodila tion. Therefore, IBMX uncovers a dilator potential for acetylcholine linked to cGMP and inhibited by LNA that cannot be uncovered in the newborn.
The appearance of cyclic nucleotides in other ex tracellular fluids such as plasma and urine has been reported previously (Ashman et al., 1963; Hardman et al., 1966) . Recently, the detection of cGMP in cerebral extracellular fluid via microdialysis has been reported (Laitinen et al., 1993) . Further, oth ers have correlated changes in cyclic nucleotide concentration with a vascular response in vivo (Abiru et aI., 1993) . Potential sources of cyclic nu cleotides in cortical periarachnoid CSF are neu rons, glia, and vascular smooth and endothelial cells. However, the source of the nucleotides can not be determined from the present experimental design. It has been observed, though, that both en dothelial and vascular smooth muscle cells extrude cyclic nucleotides into the surrounding medium (Hamet et aI., 1989) . The increase in cyclic cGMP in cortical CSF observed in response to stimuli in the present study could result from activation of cyclic nucleotide synthesis, a decrease in intracellular phosphodiesterase activity, and/or activation of the extrusion systems for cyclic nucleotides. The rela tive importance of these mechanisms cannot be de termined from the present experiments. In contrast to the age-related differences in the pial arteriolar response to acetylcholine, A23187, an agent that causes relaxation and synthesis of NO without acting via receptors (Singer and Peach 1982) , elicited pial vasodilation associated with an Control 10-7 M 2.0 ± 0.4 1.5 ± 0.2 0.9 ± 0.2* 0.9 ± 0.2* 10-6 M 2.6 ± 0.6 2.0 ± 0.5 0.9 ± 0.2' 0.8 ± 0.2* n = 5. LNA. 10-6 M. ' p < 0.05 compared to corresponding value in the absence of LNA.
J Cereb Blood Flow Metab, Vol. 14, No.6, 1994 increase in CSF cGMP in both newborn and juve nile pigs. LNA blocked A23 187-induced vasodila tion and associated changes in CSF cGMP, while indomethacin had no effect on A23 187 vascular or biochemical changes in both age groups. Addition ally, L-arginine partially restored A23187-induced vasodilation to LNA-and indomethacin-pretreated animals. These data suggest that A23187 produces pial vasodilation via synthesis of NO and that pros tanoids do not contribute to the vascular response. Others, however, have observed that endothelially derived prostanoids could also contribute to A23187 cerebrovascular dilation (Rosenblum et aI., 1989) . Differences with respect to the role of prostanoids in the mediation of A23 187 -induced vasodilation be tween the present and previous studies could be due to regional vascular and/or species differences. Since prostanoids appear to be important for the elicitation of the acetylcholine vascular response in the newborn and not in the juvenile pig, data from the present study suggest that the acetylcholine re ceptor-effector coupling mechanism changes from a prostanoid to an NO-dependent system with age. Taken together, these data further suggest that the newborn pig can respond to NO-dependent dilators (e.g., A23187), but some receptor-mediated path ways for the synthesis of NO (e.g., acetylcholine) are not operational in the immediate newborn pe riod. An alternative explanation is the down regu lation of one acetylcholine (e.g., contractile musca rinic) receptor to the expense of another one (e.g., dilatory muscarinic) in juvenile animals (Shimizu et aI., 1993) . The rationale and/or mechanisms for age-related cerebrovascular receptor-effector cou pling changes observed in the present study are un known.
Although recently shown to activate sensory fi bers to release calcitonin gene-related peptide (Wei et aI., 1992) sodium nitroprusside is thought by most authors to be a direct releaser of NO (Ignarro, 1990) . In the present study, this substance produced vasodilation associated with an increase in CSF cGMP in both newborn and juvenile pigs. LNA had no effect on SNP-induced changes in CSF cGMP but slightly potentiated the nitroprusside-induced vasodilation. The inability of LNA to block nitro prusside-induced vasodilation and associated changes in CSF cGMP is consistent with LNA be ing an NO synthase inhibitor and thus unable to block a direct releaser of NO (Moore et aI., 1990) . The mechanism for the potentiation of nitroprus side-induced vasodilation by LNA is unknown but has been suggested to be due to the development of a supersensitivity to NO in the absence of basal EDRF formation with an NO synthase inhibitor (Pohl and Busse, 1987) .
Formation of NO could influence both the new born and the juvenile cerebral circulation under basal conditions. LNA produced similar pial arteri olar constriction in both age groups, indicating that the formation of NO has a tonic dilator influence on the cerebral circulation. These observations, with respect to NO, are consistent with previous findings in both large and small cerebral arteries (Katusic and Vanhoutte, 1990; Faraci, 1991) . However, LNA did not decrease the basal CSF cGMP con centration in the present study. The reason for the discrepancy between vascular and biochemical changes is uncertain but could suggest a more mod est role for NO under basal conditions. The vascu lar results of this study differ from those of Busija et al. (1990) , who showed that N-monomethyl L-argi nine (LNMMA), another NO synthase inhibitor, did not cause pial arteriolar constriction in newborn pigs. The reason for these different results is uncer tain, but a partial explanation is that LNA is thought to be more potent than LNMMA in inhib iting NO synthase and that such agents could inhibit different NO synthase isoenzymes (Ignarro, 1990; Rees et aI., 1990) . Further, it has recently been sug gested that some NO synthase inhibitors (.w'-nitro L-arginine methyl ester) are less selective due to their ability to antagonize muscarinic receptors (Buxton et aI., 1993) . Results of the present study showing that L-arginine had minimal effects on pial arteriolar diameter are also in contrast to its marked dilator effect on rat pial arterioles (Morikawa et aI., 1992) .
Acetylcholine has been observed to produce both potent dilation and potent constriction in the cere bral circulation. Vasodilation appears to result from activation of muscarinic receptors and the subse quent release of an EDRF in the cat and mouse (Rosenblum, 1986; Kontos et aI., 1988) . Alterna tively, membrane hyperpolarization and activation of K + channels could also be involved in acetylcho line-induced dilation in the cerebral circulation (Brayden, 1990 ). Vasoconstriction appears to result from direct activation of vascular smooth muscle muscarinic receptors (Lee, 1985) . For example, the predominant response to acetylcholine is constric tion in the newborn pig and dog (U sui et aI., 1983; Armstead et aI., 1988) . In the piglet, this constric tion results from activation of M, receptors, is as sociated with a dramatic rise in peri arachnoid cor tical CSF prostanoid levels, and is blocked by in domethacin pretreatment and blockade of endoperoxide-thromboxane receptors (Armstead et aI., 1988 (Armstead et aI., , 1989 . Since the presence of the pros tanoids PGH2 and TXA2 (even at subthreshold con centrations) appears to be sufficient to allow this constriction to occur, prostanoids appear to serve a permissive role in mediating acethylcholine induced cerebrovascular constriction (Armstead et aI., 1989) . Presently, it is unclear how the pros tanoids exert their permissive influence. We spec-ulate that, once activated, the prostanoid receptor may indirectly alter the MJ receptor effector cou pling mechanism through the release of second mes sengers, such as phosphoinoisitides (Armstead et ai., 1989) .
Recently, it has been observed that endothelium dependent relaxations of piglet pulmonary arteries increase with age (Zellers and Vanhoutte, 1991; Liu et aI., 1992) . It was found that the pulmonary va sodilator response to acetylcholine was negligible in newborn pigs but prominent in pulmonary vessels from older pigs (Liu et aI., 1992) . These findings suggest that the NO pathway may not play a role in dilating pig pulmonary arteries at birth but may be important in establishing a stable postnatal pulmo nary circulation (Liu et aI., 1992) .
In conclusion, data from this study show that ace tylcholine can produce pial arteriolar dilation in the juvenile pig through the production of the putative EDRF, NO, but does not do so in the newborn period. We speculate that the contributions of EDRF to acetylcholine-induced changes in pial ar teriolar diameter develop with age.
